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Figure	 3	 illustrates	 an	 incremental	 technology	maturation	 plan	 in	which	 a	 sequence	 of	 flight	
missions	will	demonstrate	increasingly	capable	in-space	manufacturing	solutions,	starting	with	











In	 addition	 to	 the	 NIAC	 SpiderFab	 effort,	 TUI	 is	
also	 performing	 a	 parallel	 Phase	 II	 SBIR	 titled	
“Trusselator”,	 in	which	we	are	developing	a	 key	
initial	 component	of	 the	 SpiderFab	architecture,	
a	 device	 that	 converts	 spools	 of	 carbon	 fiber	
feedstock	 into	 high-performance	 carbon	 fiber	
trusses.	 	 The	 preliminary	 Trusselator	 prototype	
developed	 in	the	Phase	 I	SBIR	effort	 is	shown	 in	
Figure	4	through	Figure	7	along	with	examples	of	
trusses	fabricated	by	the	device.	Figure	8	shows	a	
16-m	 truss	 sample	 fabricated	 with	 this	 proto-
type.		This	truss	sample	is	light	enough	yet	strong	





to	 fit	 the	mechanism	within	 a	 3U	 (30x10x10cm)	
volume	to	enable	affordable	flight	validation	on	a	
CubeSat	platform.	


















































providing an analog voltage proportional to the 
acceleration of the insert for all three dimensions.  A 
single 3V power pin and ground were also included 
and a ground plane was painted behind the circuit to 
improve RF performance.  The microcontrollers for 
the magnetometer and the rolling dice were 
programmed in C while the microcontroller for the 
helmet insert was coded in assembly.  Each included 
non-volatile memory in order to store the program 
with no additional configuration chips required.   
 The software for each begins by configuring 
the analog to digital converter and then initiates an 
endless loop, which repeatedly measures, digitizes, 
and stores each analog voltage received from the 
accelerometer (helmet insert and dice), or the 
magnetic Hall Effect sensors (magnetometer).  In the 
case of the magnetometer and rolling dice, each loop 
used various mathematical equations to manipulate 
the input voltages and effectively display the 
necessary outputs.   In the case of the magnetometer, 
the LEDs around the circumference of the top surface 
will light correlating to the direction of the magnetic 
field.  Depending on the magnitude of the magnetic 
field, one, two or three of our magnitude LEDs will 
light.  Regarding the dice, each LED on the top 
surface will light after the microcontroller recognizes 
that movement has ceased and determines 
orientation.   
For the helmet sensor, a 72 bit digital word is formed 
consisting of the transmitter serial number (used for 
device identification at the receiver), function codes, 
and the three acceleration values (voltages), which 
correspond to the three axes.  The transmitter then 
uses Amplitude Shift Keying (ASK) to modulate a 
315MHz carrier signal and transmit the 72 bit word 
along with framing pulses for synchronization.    
The microcontroller for the helmet insert 
receiver was also programmed in assembly language.  
The basic operation of the receiver program is to 
validate incoming transmissions by timing the 
framing pulses, verifying function codes in the 
transmission, and reading acceleration values from 
the 72 bit word received.   The receiver can be 
configured via software to constantly output the 
acceleration values to a binary LED display, output 
acceleration values to the display only if they exceed 
a programmed threshold, or output the values to an 
RS232 serial port for use by an external application. 
 
Future Work 
Several improvements are necessary to automate the 
steps in this proposed design process by converting 
the output of more traditional electronics PCB CAD.  
One of these improvements is the ability to project a 
circuit design onto a multi-curved surface.  The 
capability does not yet exist in the currently 
implemented CAD software that does not distort the 
soon-to-be three-dimensional shape of our circuit.  
Inclusion of this feature will greatly reduce the 
amount of time spent between circuit design and 
three-dimensional circuit conversion.  This work 
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Fig. 7 – Completed helmet insert (a), 
magnetometer (b) and rolling dice (c). 
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Fig. 6 – Completed models of our helmet insert (a), 













































The	objective	of	 the	Phase	 II	 effort	was	 to	develop	key	 technologies	and	mission	analyses	 to	














‘truss-of-trusses’	 structures	 to	 create	 support	 structures	 for	 satellite	 components	 such	as	 an-
tennas	and	arrays.		We	chose	to	focus	our	efforts	on	enabling	creation	of	such	2nd-order	truss	
structures,	 rather	than	simpler	approaches	such	as	 joining	rods	together	to	create	a	1st	order	
truss	 structure	 (as	was	 illustrated	 in	 Figure	1)	because	2nd	order	 truss	 structures	 can	achieve	
30X	improvements	in	structural	efficiency	relative	to	1st-order	structures.1		This	enhanced	struc-






















C) Heating	Method	 –	We	 evaluated	 several	 different	methods	 for	 thermally	 processing	 and	
bonding	 the	 CF/PEEK	 materials,	 including	 contact	 heating,	 ultrasonic	 welding,	 and	 laser	
heating,	and	chose	contact	heating	as	our	baseline	approach	due	to	 its	significantly	 lower	
power	requirements	and	lower	system	complexity.	










mination	 and	 attachment	 (‘point	 joint’),	 attachment	 of	 directly-contacting	 existing	 truss	
nodes	 (‘butt	 joint’),	and	“bridging-the-gap”	attachment	of	non-contacting	nodes	 (‘spanner	
joint’).		Based	upon	our	testing	with	SpiderFab	tools,	we	selected	the	gap-bridging	concept	
because	it	achieved	high	joint	strengths	with	acceptable	complexity	for	forming	the	joints.	
F) Gripping	Mechanisms	–	To	enable	a	 robotic	 system	to	manipulate	 truss	elements,	we	de-
veloped	several	gripper	mechanism	designs	to	enable	precise	and	repeatable	manipulation	





















shown	 Figure	 10,	 further	 illustrate	 the	 complex	 geometry	 possibilities,	 and	 the	 challenge	 of	
designing	and	building	a	SpiderFab	tool	which	can	accomplish	this	task.		
These	 geometries	 illustrate	 the	 butt	 joint	 and	 spanner	 joint	 methods	 of	 attachment	 using	
CF/PEEK	rod	or	 tape	segments	 for	 the	attachment	material.	 	Where	 two	nodes	have	physical	
contact	there	would	be	a	single	segment	that	bonds	the	two	together,	whereas	for	the	spanner	
joints,	 two	 or	 three	 discreet	 segments	 would	 proceed	 to	 the	 nearest	 nodes,	 forming	 a	
triangulated	structure.		A	“longeron	lamination”	method,	depicted	in	Figure	10,	is	used	to	affix	
the	connecting	member	onto	the	longeron	of	the	pre-existing	truss	structures.		




















lied	upon	 the	physical	 contact	of	 the	 trusses	 for	 compressive	 stiffness.	 	 Figure	11	 shows	 two	
joints	accomplished	by	this	method.	
One	of	the	main	challenges	with	this	approach	was	getting	the	ribbons	to	adhere	to	the	truss	
rather	 than	 the	heated	 iron.	 	 Because	of	 this	 issue,	 our	 compression	method	 transitioned	 to	




ing	 pure	 tension	members	 had	 limitations.	 	 It	 is	 clear	 that	with	 the	 current	 truss	 design,	we	
cannot	rely	on	butt	joints	alone,	as	it	puts	severe	restrictions	on	the	location	and	angle	at	which	










Figure	11.	Butt	 Joint	Geometry.	 	Joining	was	done	using	a	heated	 iron	to	attach	CF/PEEK	ribbons	 (left)	and	rods	
(right)	from	the	nodes	of	one	truss	to	the	nearest	nodes	of	the	other.	Note	the	angle	of	attachment	determined	by	
the	location	of	the	nodes,	illustrating	a	sever	limitation	of	using	only	butt	joints.	
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The	 same	 hot	 iron	 was	 used	 for	 heating	 and	
joining	the	spanning	segments.	 	Using	CF/PEEK	
in	 the	 rod	 form	 had	 the	 advantage	 of	 not	 ad-
hering	 to	 the	hot	 iron	as	much	as	 the	 ribbons,	
but	 after	 the	 initial	 fusing	 of	 the	 joint,	 some	
“brush	 stroke”	 motion	 was	 helpful	 for	 getting	
all	 the	fibers	to	 lay	down	neatly	and	forming	a	
strong	 bond.	 	 This	 spanner	 joining	 method	
showed	 considerable	 improvement	 over	 the	
previously	tested	butt	joint	method	with	ribbon	
material.			
2.1.1.4 Joint	 Geometry	 Fabrication	 Tests	
(Splice	Joints)	
After	experimenting	with	making	assemblies	of	
trusses,	 we	 experimented	 with	 several	 other	
applications	of	the	contact	welding	method	us-










































the	ends	of	a	 truss	 (left),	 reinforced	them	with	PEEK	resin	 (center),	and	performed	compression	 to	evaluate	 their	
structural	integrity	(right).	



















which	 included	 a	 heated	 block	 that	 would	melt	 the	 PEEK,	 and	 an	 actively	 cooled	 plate	 that	
would	be	brought	to	bear	on	the	heated	block	for	quick	cooling	and	solidification	of	the	matrix,	
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Error!	 Reference	 source	 not	 found.	 shows	 preliminary	 testing	 (left)	 and	 the	 resultant	 joints	
formed	with	consolidated	rod	stock	(right).	The	resulting	joints	seem	to	have	excellent	consoli-






tests	 were	 not	 performed	 with	 water-cooling	 to	 eliminate	 the	 need	 to	 make	 water	 pass-

























neret,	 integrating	 improvements	based	upon	our	results	 testing	the	 first	prototype.	 	The	new	
tool	operates	in	the	same	manner	as	the	previous	one,	but	with	some	improvements	for	per-
formance	and	automation.	 	For	one,	 the	weld	head	mass	has	been	reduced	from	80g	to	30g,	











































We	 also	 prototyped	 a	 pultrusion	 tool	 to	 form	 tension	members	 and	 extrude	 free-form	 rigid	
members.		The	3D-printed	prototype	pultrusion	‘spinneret’	end	effector	is	shown	in	Figure	22.		
























characterize	 the	dexterity,	 reach,	and	 range	 that	a	 robotic	manipulator	will	 require	 to	enable	
























The	 focus	of	 this	effort	was	on	performing	proof	of	concept	demonstrations	 that	verified	 the	
































is	 no	 one-size-fits-all	 algorithm	 and	 each	 object	 presents	 a	 unique	 and	 non-trivial	 challenge	
when	 trying	 to	 formulate	 the	correct	algorithms	 to	 identify	 it	within	 images	of	near-arbitrary	
environments.		




determine	 if	 the	object	 is	 likely	present	within	 an	 image.	Color,	 shape,	 edges	 and	prominent	
markings,	tags	or	 logos	are	all	commonly	used	features	used	by	feature	detection	algorithms.		


























for	 testing.	 For	 image	 processing	 applications,	 this	 is	 a	 notoriously	 difficult	 color	 to	work	
with—particularly	in	environments	with	poor	lighting	or	a	dark	background.	Even	in	properly	






















of	 line	detection	algorithms.	The	Hough	Line	Transform	 is	a	 simple	and	popular	 technique	 to	
detect	lines	within	an	image.	It	works	on	the	principle	that	any	line	in	an	image	can	be	repre-
sented	mathematically	as:		 	" = $	%&'( + *	'+,(	
	
Where	"	 is	 the	perpendicular	distance	 from	the	origin	 to	 the	 line.	The	algorithm	uses	a	 two-
dimensional	array,	called	an	accumulator,	of	(", ()	pairs	to	determine	which	pixels	(or	subset	of	













erable	noise	 from	lines	 in	the	surrounding	environment.	To	filter	out	the	unwanted	 lines,	 the	
inherent	properties	of	the	truss	must	be	considered.	The	three	main	supporting	longerons	are	
paramount	to	this	filtering	attempt	as	they	are	both	the	easiest	feature	of	the	truss	to	detect	
and	can	also	greatly	 speed	up	computation	 time	by	 localizing	 line	segments	within	a	discrete	
proximity.		
To	 find	 these	 longerons,	we	 can	perform	a	histogram	of	 the	angles	associated	with	each	de-
tected	 line	segment	to	 identify	the	 lines	that	run	parallel	with	each	other.	Three	(or	two)	dis-
tinct	parallel	lines	of	similar	length	are	good	indicators	of	the	supporting	longerons.	
















ally,	 these	 line	segments,	when	taken	 in	parametric	equation	form,	should	create	several	 line	
intersections	within	our	truss	region—providing	further	evidence	that	what	we	are	looking	at	is	
indeed	a	truss.	Note	that	these	line	segments	should	not	be	parallel	with	our	three	main	sup-






Next,	we	 can	 take	all	 the	 line	 segments	 that	we’ve	 identified	as	part	of	 the	 truss	 and	 recon-
struct	the	image	using	only	the	truss	data	points.	
	












tures	within	an	 image	using	a	combination	of	several	advanced	 image	processing	 techniques.	
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When	 choosing	 feature	 detection	 and	 feature	 descriptor	matching	 algorithms,	 it’s	 important	













favor	 of	 speed	 by	 significantly	 reducing	 a	 features	 scale-space	 information	 by	 using	 a	
convolutional	box	filter	technique.	
3. Oriented	 FAST	 and	 Rotated	 Brief	 (ORB)	 –	 Uses	 heavily	 optimized	 versions	 of	 various	
algorithms	with	 the	goal	of	 creating	an	algorithm	 faster	 than	SURF	and	as	accurate	as	








To	perform	a	more	 empirical	 and	 applicable	 comparison,	 each	 algorithm	was	 used	 to	 detect	
features	from	a	small	database	of	images	containing	around	fifty	different	truss	images.	Figure	
39	shows	an	example	of	the	use	of	the	SIFT	algorithm	on	our	truss	sample.		The	following	graph	
















































Note	 that	unlike	 the	 line	detection-based	method	 tested	previously,	most	of	 the	 calculations	
and	image	processing	steps	required	to	perform	can	potentially	be	done	entirely	by	the	feature	










































































consistent	 results	 in	various	 lighting	conditions	and	scales.	 It	did	however,	 struggle	when	 the	
same	query	image	was	used	to	detect	truss	at	significantly	different	angles.	We	chose	to	com-
pensate	 for	 this	by	using	multiple	query	 images	of	 trusses	at	different	angles.	 If	a	 truss	could	
not	be	 found,	we	cycled	 to	 the	next	query	 image	until	 the	 truss	was	either	 identified	or	pre-
sumed	absent	from	the	train	image.	
	




To	 facilitate	 development	 and	 testing	 of	 the	 control	 algorithms,	 robotic	 tools,	 and	 assembly	
CONOPS,	we	developed	a	software	platform	combining	GUI,	controls,	and	visualization.		Since	
we	expect	our	robotic	software	applications	will	continually	evolve	as	the	SpiderFab	architec-
ture	matures	 from	 prototyping	 stages	 to	 final	 implementation,	 we	 decided	 to	 structure	 our	
software	 infrastructure	 to	 achieve	 our	 long-term	 goals	 of	 creating	 flexible,	 robust	 and	 hard-







cations,	 a	 significant	 amount	of	 the	developed	 code	 can	be	 reused,	 thereby	 speeding	up	 the	

























but	 does	 not	 necessarily	want	 to	 handle	 directly.	 This	 adds	 several	 layers	 of	 abstraction	 be-
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tween	 the	high-level	 application	 software,	 the	mid-level	 software	drivers	 and	 low-level	 hard-










from	the	application	 layer	should	allow	applications	 to	run	off	multiple	user	 interfaces	
with	 minimal	 effort.	We	 developed	 several	 user	 interfaces	 for	 our	 SpiderFab	 applica-











2. Application	 –	 This	 layer	 contains	 the	main	 application	 software.	 Testing	 scripts,	 robot	
control	software	and	video	streaming	applications	are	a	few	applications	created	for	Spi-
derFab.	







4. Hardware	Abstraction	Layer	–	Wraps	 low	 level	hardware	drivers	 into	a	common	 inter-
face	that	the	framework	drivers	can	use.	This	allows	all	the	upper	layers	of	the	software	
stack	to	be	reused	across	hardware	platforms	simply	by	modifying	code	at	this	level.	









advantage	of	this	 layering	separation.	Each	 layer	 in	the	SpiderFab	Architecture	software	stack	
became	a	separate	sub-repository.	New	applications	are	built	 in	separate	project	workspaces,	
with	directories	structured	 in	manner	similar	to	our	software	stack	 layout.	 	Our	coding	stand-
ards	were	also	optimized	 to	ensure	our	 software	applications	are	of	 the	highest	quality.	 This	
included	 the	 introduction	 of	 new	 tools	 to	 facilitate	 improved	 code	 transparency	 and	 auto-
documentation	into	our	code	bases.	






















Initial	 testing	was	conducted	using	an	asymmetrical	 truss	and	no	vision	 system.	 	To	align	 the	
truss	 axially,	 a	 set	 of	 triangular	 fingers	were	 tested	 first.	 	 These	 fingers	were	 bulky	 and	 had	
trouble	grabbing	the	truss	off	of	a	flat	surface.		Another	finger	design	gripped	the	truss’s	longe-































age	 processing	 algorithms	 detailed	 in	 section	 2.2.1	 on	 each	 frame	 received	 from	 the	 video	
stream.	Although	this	slowed	the	framerate	from	30	frames	per	second	(fps)	to	roughly	7	to	10	
fps,	this	speed	is	still	more	than	adequate	for	performing	“real-time”	operations.		For	visual	ef-
fect	 and	 debugging	 purposes,	 text	 and	 image	 processing	 overlays	 were	 also	 added	 to	 each	
frame	in	real-time,	as	shown	in	Figure	49.		




















we	 could	 begin	 implementing	 gripper	 alignment	 algorithms,	 we	 faced	 a	 common,	 but	 non-
trivial,	robotics	problem	of	attempting	to	specify	movements	in	different	frames	of	reference.	












































the	 gripper	 position.	 The	 robot	would	 often	 not	 respond	 to	 commands	 to	move	 the	 gripper	
short	distances	(which	was	often	less	than	3	millimeters)	or	would	overshoot	the	desired	loca-
tion.	 Given	 the	 small	margin	 for	 error,	 this	 led	 to	 very	 inconsistent	 grasping	 attempts.	 After	
tweaking	 the	 test	 setup	numerous	 times,	we	eventually	 found	 that	gripper	movements	were	






































Although	 the	 joint	 assembly	 demonstration	 described	 in	 Section	 2.2.6.3	 is	 relatively	 straight-
forward	and	would	enable	large	structures	to	be	assembled	using	a	truss-and-connector	meth-
od,	 similar	 to	 a	 ‘tinkertoys’	 assembly	 approach,	 it	 has	 the	disadvantage	 that	 the	mass	of	 the	
joint	connectors	will	likely	dominate	the	structure	mass.		A	far	more	efficient	structure	can	be	
constructed	using	 spanner	 joints	 to	 connect	between	nodes	 in	 the	 truss,	 as	was	discussed	 in	
2.1.1.3.		Accordingly,	we	performed	demonstrations	using	the	Baxter	robot	wielding	the	Joiner	








Figure	 58.	 Spanner	 Joint	 Geometry.	 	 Highly	 efficient	
joints	 can	be	 formed	between	 truss	elements	using	 the	




















































bandwidth	data	 transfer	and	sub-ns	synchronization	between	the	two	SDRs.	 	This	 timing	syn-
chronization	will	enable	the	SWIFT-SDRs	to	operate	coherently	and	provide	for	phase	alignment	
between	the	radios.		As	the	system	manufactures	truss,	the	truss	integrity	will	be	diagnosed	by	
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zine, Vol. 22, No. 9 September 2007	




































construct	a	 large	parabolic	dish,	 the	system	will	 first	assemble	the	central	portion	of	 the	dish	
and	 then	 then	build	up	both	 the	 support	 structure	and	 reflector.	 	 Fabrication	of	 the	 support	
structure	will	use	the	Trusselator™	system	developed	under	NASA	SBIR	contract	NNX14CL06C	as	
well	 as	 the	 real-time	 vision-based	 robotics	 control	methods	 and	 assembly	 tools	 discussed	 in	
Section	 2.2.	 	 A	metrology	 system	 and	 adjustable	mounting	 features	 on	 the	 truss	will	 enable	
closed-loop	control	to	achieve	the	shape	accuracy	necessary	for	the	antenna	reflector.	











































































and	 other	 apertures.	 	 The	 effort	 also	 developed	 concepts	 for	 several	 affordable	 technology	
demonstration	missions	that	will	validate	the	key	technologies	in	a	staged,	incremental	manner.		
Most	significantly,	it	has	resulted	in	successful	transition	to	post-NIAC	activities,	including	a	SBIR	
contract	 to	 develop	 system	 for	 in-space	manufacture	of	 truss	 structures	 and	 a	NASA	Tipping	
Point	Technologies	subcontract	effort	to	demonstrate	ISM	of	a	key	GEO	satellite	structure.	
	
